Chromatin modifiers act to coordinate gene expression changes critical to neuronal differentiation 22 from neural progenitor cells (NPCs). Histone methyltransferase KMT2D promotes transcriptional 23 activation and its loss causes the intellectual disability disorder Kabuki syndrome 1 (KS1) in ways that 24 are not well understood. We conducted parallel studies of proliferation, differentiation, and transcription 25 and chromatin profiling in KMT2D-deficient human and mouse models of brain development to define 26 KMT2D-dependent functions in neurodevelopmental contexts, including adult-born hippocampal NPCs 27 in vivo. We report cell-autonomous proliferation, cell cycle progression, and survival deficits accompanied 28 by transcriptional perturbance of oxygen-sensing, central carbon metabolism, and mRNA/protein 29 metabolism pathways, with functional experiments demonstrating disruption of KMT2D-dependent 30 hypoxia responses and proteasome functions. Importantly, signatures of precocious neuronal 31 differentiation accompanied defects in NPC maintenance. Together, our findings support a model in 32 which KMT2D loss causes transcriptional suppression of metabolic programs for NPC maintenance, 33 resulting in exhaustion of precursors required for adult hippocampal neurogenesis.
after release ( Fig. 2e) . By 3 hours post-release, wild-type cells showed significantly greater exit from 139 G2/M phase compared to Kmt2d Δ/Δ cells, with concomitant increase of G0/G1 phase daughter cells lasting 140 up to 18 hours ( Fig. 2e', e'') . Finally, detailed analysis of cell death was performed using flow cytometric 141 detection of fluorescence coupled to caspase-3/7-mediated substrate cleavage to label early apoptotic 142 cells. Compared to wild-type, the proportion of apoptotic cells was several-fold larger in both Kmt2d +/Δ 143 cells (~287%) and Kmt2d Δ/Δ cells (~478%) (Fig. 2f) . Fig. 3a) . We first inspected cell clusters for expression of known 153 iPSC or NPC markers to further verify cell identities, confirming that iPSCs displayed characteristic 154 expression of pluripotency markers including POU domain, class 5, transcription factor 1 (POU5F1) 155 ( Supplementary Fig. 3b ), while NPCs expressed known markers of early neural lineage including paired 156 box protein Pax-6 (PAX6) ( Supplementary Fig. 3c) . A subset of NPCs further expressed neuronal 157 maturation markers including tubulin beta 3 class-III (TUBB3/TUJ1) ( Supplementary Fig. 3d ). Table 1 ). In contrast, NPCs showed less directional bias with 346 significant DEGs identified, among 163 which 147 genes (~42%) were down and 199 genes (~58%) were up ( Supplementary Table 2 ).
164
Intersection of DEG lists showed that 40 genes were shared down in KS1 iPSCs and NPCs, 10 genes 165 were shared up, and surprisingly, 66 genes were found to be down in KS1 iPSCs yet up in KS1 NPCs 166 ( Supplementary Figure 3f, Supplementary Table 3) . Notably, among genes down we observed factors 167 important to stem cell maintenance including transcription factor SOX-2 (SOX2), proliferation-associated 168 protein 2G4 (PA2G4), protein lin-28 homolog A (LIN28A), G1/S-specific cyclin D1 (CCND1), and 169 lactadherin (MFGE8) 21 . 9 HOX genes, known KMT2D targets, were also down as well as 170 neurodevelopmental disorder-linked genes RNA-binding motif protein 8A (RBM8A) 22 , small nuclear ribonucloprotein-associated protein N (SNRPN), and necdin (NDN). We performed Overrepresentation 172 Analysis (ORA) in iPSC and NPC DEG sets to interrogate enrichment of molecular pathways specifically 173 among down or up genes (Fig. 3a) . The strongest gene network enrichments were found to reflect those 174 DEGs down in KS1 iPSCs, yet up in KS1 NPCs, i.e. pathways most strongly downregulated in KS1 iPSCs 175 were the same pathways upregulated in KS1 NPCs, compared to respective controls. These networks 176 included NMD, translation initiation, and protein targeting. In contrast, genes down in KS1 NPCs showed 177 enrichment for chaperone-mediated protein folding, G2/M cell cycle progression, and endoplasmic 178 reticulum/phagosome pathways. Among shared down genes in both KS1 iPSCs and NPCs, the strongest 179 enrichments were in target genes of the transcription factors upstream stimulatory factor 1 (USF1), 
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To better resolve transcriptional signatures of neural development, we next focused specifically 183 on NPCs from KS1 patient and controls. We used Uniform Manifold Approximation and Projection 184 (UMAP) to visualize single cells in a manner that displays high-dimensionality data while preserving both 185 local and global relationships 23 . Cells of both control NPC lines were tightly clustered, indicating similar 186 expression profiles, in contrast to a distinct separation of KS1 patient cells which appears to gradually 187 lessen in a subset (top) of cells that more closely resemble controls (Fig. 3b) . By partitioning cells based 188 on expression of cell cycle phase-specific genes (Fig. 3c ) or maturation stage-specific genes (Fig. 3d) , 189 we defined an NPC differentiation trajectory consisting of early or cycling NPCs, transitioning NPCs, and 190 differentiating NPCs. We determined that cycling cells comprise the vast majority of NPCs analyzed and 191 exhibit the greatest KS1-associated expression differences ( Fig. 3d , purple cells), while expression 192 profiles of transitioning and differentiating NPCs show gradual convergence of gene expression ( Fig. 3d , 193 grey and yellow cells).
194
We next asked whether differences in cell cycle phase composition might account for the strong 195 KS1-associated differential expression in this population. We analyzed cells partitioned by cycle phase 196 to assign individual NPCs into subsets of G1/G0 (~55-61% of total cells), S (~20-21%), and G2/M cells 197 (~19-24%). As expected, S and G2/M cells are seen less among differentiating NPCs than cycling, yet 198 proportions did not appreciably differ by genotype, in agreement with flow cytometry data in the same 199 cells ( Supplementary Fig. 3g, Fig. 1f ). Thus, cycle phase composition is unlikely to drive expression 200 differences in this model. We next interrogated differential expression specifically in NPC subsets of 201 G1/G0, S, and G2/M cells, and observed similar proportions of KS1 up and down genes in each phase 202 subset (55-66% and 33-35%, respectively), with 102 up and 85 down in G1/G0 phase cells, 28 up and 15 203 down in S phase cells, and 28 up and 14 down in G2/M phase cells ( Supplementary Table 4 ). Individual
204
DEGs were nearly identical in S and G2/M phase subsets, and overlapped with DEGs from the G1/G0 205 phase subset. Thus, transcriptional effects in KS1 NPCs are due to gene expression differences in G1/G0 206 phase cells, and not from differences in cell cycle phase composition.
207
Apart from increased rates of cell death (Fig. 1g) , another factor that could contribute to a paucity 208 of proliferative NPCs (Fig. 1e ) would be precocious cell maturation resulting in depletion of cycling 209 precursors. To explore this in detail with scRNA-seq data, we profiled neural differentiation markers 210 ( Supplementary Fig. 3h ) to reveal a continuum of increasingly maturing NPCs ranging from immature 211 cells (PAX6 + ) to the most differentiated cells (MAP2 + ) ( Fig. 3e) . We further restricted analysis to 212 transitioning and differentiating NPCs, defining a trajectory that enabled parsing of cells into binned 213 deciles of increasing maturation (Supplementary Fig. 3i ). Quantification of cell densities revealed strong 214 bias of KS1 NPCs in the most differentiated bins relative to controls ( Fig. 3f) . These transcriptional 215 signatures of precocious maturation were corroborated at protein level by flow cytometric analysis, finding 216 KS1 NPCs had increased MAP2 fluorescence and reciprocally decreased PAX6 fluorescence relative to 217 control ( Supplementary Fig. 3j, j' ). Finally, we analyzed DEGs specifically within cycling, transitioning, 218 or differentiating NPC subsets to determine if particular gene networks drive transcriptional differences 219 in a stage-specific manner ( Supplementary Table 4 ). The most prevalent networks overall, NMD, 220 translation initiation, and protein targeting, were strongly enriched regardless of maturation stage ( 
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Together, these results link potent transcriptional effects on cellular metabolism to cell-228 autonomous proliferation defects in KS1 patient-derived stem cell models, raising the question of whether 229 these features generalize to other independent KMT2D-deficient neuronal models.
231
Globally suppressed transcription upon loss of the KMT2D SET methyltransferase domain, with 232 enrichment of KMT2D-bound genes in glycolytic and oxygen-sensing pathways
233
We performed high-coverage RNA-seq in three biological Kmt2d Δ/Δ replicates for comparison 234 against the parental Kmt2d +/+ line, each in technical triplicate, followed by differential expression analysis.
235
This revealed 575 significant DEGs at a False Discovery Rate (FDR) of 0.05 in Kmt2d Δ/Δ cells compared 236 to wild-type ( Fig. 4a , Supplementary Table 5) , with Principal Component Analysis (PCA) showing clear 237 separation of mutant libraries from wild-type ( Supplementary Fig. 4a-c) . A large majority of DEGs, 238 ~76%, were down in Kmt2d Δ/Δ cells (436 genes), revealing strong global suppression of gene expression.
239
The gene with highest downward fold change was the epigenetic modifier methylcytosine dioxygenase 240 (Tet2), which catalyzes conversion of 5-methylcytosine to 5-hydroxymethylcytosine during active DNA 241 demethylation, and known KMT2D target genes such as krueppel-like factor 10 (Klf10) 12 were also 242 observed. ORA for gene networks enriched among Kmt2d Δ/Δ down DEGs yielded glycolysis, HIF1 243 signaling, Ras signaling, autophagy, BMP signaling, ERK1/ERK2 cascade, and others, while Kmt2d Δ/Δ 244 up DEGs were enriched in fewer networks including ribosome biogenesis, poly(A) RNA binding, and Myc 245 target genes ( Fig. 4b) . Interestingly, against a defined set of transcripts known to co-localize with 246 translation machinery at synaptic partitions in neurons 24 , Kmt2d Δ/Δ down, but not up, DEGs were highly 247 enriched ( Supplementary Fig. 4d ).
248
Since KMT2D-mediated transcriptional promotion occurs in a target gene-specific manner, we 249 reasoned that among the 575 observed Kmt2d Δ/Δ DEGs, a subset of down genes found to also bind 250 KMT2D itself in wild-type cells would more likely represent primary transcriptional consequences of 251 KMT2D loss, whereas other DEGs may reflect secondary effects of broader cellular perturbations. We 252 performed chromatin immunoprecipitation and high-throughput sequencing (ChIP-seq) using KMT2D 253 antibody in wild-type and Kmt2d Δ/Δ HT22 cells, first analyzing normal KMT2D binding in wild-type cells to 254 yield 3,756 significant peaks ( Supplementary Fig. 4e , Supplementary Table 6 ). Of these, 1,235 peaks 255 (~33%) occur within 5 kb of gene promoters ( Supplementary Table 7 ). These promoter-proximal KMT2D 256 peaks (KMT2D-bound genes) were most enriched in mRNA 3'UTR binding, Rho GTPase signaling, 257 nuclear factor kappa B subunit 1 (NFKB) signaling, translation elongation, oxidative stress-induced 258 senescence, HIF1 signaling, and others ( Fig. 4c ). Finally, we intersected a list of KMT2D-bound,
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Kmt2d Δ/Δ DEGs to reveal just 74 such genes ( Table 1) , of which a large majority (~85% or 63 genes) 260 were as expected downregulated ( Fig. 4d) , including insulin-like growth factor 1 (Igf1), fos-like antigen 2 261 (Fosl2), and at least 20 previously described KMT2D target genes in other tissues 7,25 . These 63 KMT2D-262 bound, Kmt2d Δ/Δ down DEGs were most significantly enriched for face morphogenesis, glycolytic 263 process, protein kinase B signaling, hypoxia response, and cell proliferation genes, and 29 of these 63 264 genes are known to be HIF-regulated 26 (Fig. 4e, Table 1 ). KMT2D ChIP peaks at these genes showed 265 clustering of KMT2D peaks on promoters ( Fig. 4f) , often overlapping CpG islands, of genes such as Given consistent dysregulation of oxygen-sensing pathways across multiple KS1 models, we 279 hypothesized that Kmt2d deficient HT22 cells may show differential response from wild-type cells under 280 hypoxic conditions. To explore this, we subjected Kmt2d +/+ cells, Kmt2d +/Δ cells, and Kmt2d Δ/Δ cells to 281 normoxic (20% O2) or hypoxic (1% O2) conditions for 72 hours. RT-qPCR analysis of canonical HIF1A 282 transactivation targets Vegfa, Bnip3, Ddit3, Cdkn1a, and Tgfb3 in wild-type cells revealed induction upon 283 hypoxia, whereas Kmt2d +/Δ and Kmt2d Δ/Δ cells failed to induce these genes to the same levels ( Fig. 5a ).
284
Stabilized, or activated HIF1A undergoes nuclear translocation, so we then quantified the proportion of 
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Comparing transcriptional data from KS1 patient cells and Kmt2d Δ/Δ mouse hippocampal cells 300 relative to respective healthy controls, we also noted strong enrichments of DEGs controlling mRNA and 301 protein metabolism including protein/nucleic acid deglycase (PARK7), serine-threonine protein kinase (PINK1), X-box binding protein 1 (XBP1), ubiquitin carboxyl-terminal hydrolase 13 (USP13), RNA 303 demethylase ALKBH5 (ALKBH5), insulin-like growth factor 2 mRNA binding protein 1 (IGF2BP1), and 304 U6 small nuclear RNA (adenine-(43)-N(6))-methyltransferase (METTL16). Strikingly, while ~76% of all 305 DEGs in Kmt2d Δ/Δ cells were downregulated, evaluation of epitranscriptome modifiers controlling mRNA 306 metabolic rates 27-29 revealed that 22 were upregulated while only 2 were downregulated. Furthermore, 307 mutation of a large protein such as KMT2D with over 5,500 amino acids, without proper degradation, 308 could overwhelm proteasome function as has been described in the context of DNMT1 mutation 30 . Upon 309 evaluation of transcripts known to undergo regulation by NMD 31 , we indeed observed significant 310 enrichment among our DEGs of NMD-regulated transcripts, as well as genes directly targeted by UPF1 311 for NMD degradation (Supplementary Fig. 5b, c) . At the protein level, detection using Proteostat reagent Fig. 5d ). Interestingly, aggregate levels were reduced after hypoxic exposure in both 316 genotypes ( Supplementary Fig. 5d') . Finally, we explored whether this rescue also occurred in KS1 Kmt2d SET domain loss leading to a truncation. Kmt2d +/βgeo mice previously were found to exhibit 326 visuospatial memory impairments associating with reductions of DCX + or EdU + cells in the DG 12,32 , but 327 neurogenic lineage progression has not been described in these mice.
328
We used immunostaining against stage-specific markers ( Fig. 6a, a' ) to compare abundance of 329 individual DG cell precursor stages ( Supplementary Fig. 6a ) of adult mice 8 weeks old, comparing 330 Kmt2d +/βgeo mice to sex-and age-matched Kmt2d +/+ littermates. We observe significantly fewer neural 331 progenitors in Kmt2d +/βgeo mice compared to Kmt2d +/+ mice at all stages analyzed ( Fig. 6b) , indicating 332 that heterozygous Kmt2d loss restricts normal steady states of NPCs in the hippocampus. Importantly, 333 quiescent radial glia-like cells (qRGLs, Nestin + /MCM2 -) were ~39% less numerous in Kmt2d +/βgeo mice 334 compared to Kmt2d +/+ mice, indicating a baseline depletion of the adult neural stem cell pool. Activated RGLs (aRGLs, Nestin + /MCM2 + ) were ~43% less numerous compared to Kmt2d +/+ littermates, and 336 intermediate progenitor cells (IPCs) (Nestin -/MCM2 + ), were ~26% fewer. We confirm our prior 337 observations 12,32 of reduced representation of neuroblasts (NBs, DCX + ) which were 28% decreased in 338 Kmt2d +/βgeo mice compared to Kmt2d +/+ littermates. From these data, we then calculated a lineage 339 progression index to approximate the expansion potential of each successive neurogenic cell type.
340
Although Kmt2d +/βgeo mice showed fewer total cells of each type at steady-state, the lineage progression 341 index at each cell-type transition did not differ significantly in mutants, in fact appearing modestly higher 342 at the aRGL-IPC transition in Kmt2d +/βgeo mice, suggesting that cell-type transition defects are not 343 observable at any particular stage analyzed ( Fig. 6c ).
344
By stratifying our analysis anatomically along the septotemporal axis of the DG, we observe that 345 aRGL reductions in Kmt2d +/βgeo mice were more pronounced in the septal DG than the temporal region 346 ( Fig. 6d) , congruous with in vivo spatial memory defects previously observed 12 which have been localized 347 to this specific DG region 33 . Because DCX + NBs characteristically migrate radially during differentiation,
348
we compared radial distances of DCX + cell bodies from the SGZ plane and observed increased distances 349 in Kmt2d +/βgeo mice (Supplementary Fig. 6b ). Finally, despite reductions of NPC populations in 350 Kmt2d +/βgeo mice, we observed no numeric differences among mature neurons in the DG (NEUN + , 351 Supplementary Fig. 6c ), nor were any gross abnormalities uncovered with post-mortem MRI volumetric 352 analysis ( Supplementary Fig. 6d , Supplementary Table 8 ).
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For RNA-seq analysis and cell cycle studies in Kmt2d +/βgeo mice, we employed a saturating EdU (Fig. 6f) . We next performed transcriptional profiling by RNA-seq in 359 EdU + DG nuclei, yielding 827 DEGs ( Supplementary Table 9 ). Among 416 down genes in Kmt2d +/βgeo 360 nuclei, the most significant enrichments were for misfolded protein binding, TCA cycle, proteasome 361 complex, oxygen response, poly(A) RNA-binding genes (Fig. 6h) , including Pink1, Xbp1, Usp13, 362 phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (Pik3ca), E3 ubiquitin protein 363 ligase SMURF2 (Smurf2), gamma-amino butyric acid receptor-associated protein (Gabarap), and insulin-364 like growth factor-binding protein 2 (Igfbp2). Among 411 up genes in these nuclei were significant 365 enrichments for translation, p53 binding, and HIF1 targets including Pabpc1 and hypoxia-inducible factor 366 1A (Hif1a) itself. Notably, the upstream pro-apoptosis gene caspase-8 (Casp8) was also significantly 367 upregulated in these Kmt2d +/βgeo proliferative nuclei.
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Given the observed transcriptional suppression in poly(A) RNA-binding genes, we reasoned that 
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Interestingly, in KS1 patient NPCs, DCX in fact was the single most significantly upregulated gene, along 376 with others upregulated such as nuclear receptor subfamily 2, group F, member 1 (NR2F1), pro-neural 377 transcription factor HES-1 (HES1), and GABAergic interneuron-promoting ladybird homeobox 1 (LBX1).
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Kmt2d Δ/Δ hippocampal cells compared to wild-type had significantly higher transcript levels of brain-379 derived neurotrophic factor (Bdnf) and neuron-specific microtubule element (Tubb3/Tuj1). 
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Here, we report that KMT2D-deficient human and mouse NPC models, in vitro and in vivo, 397 demonstrate disruption of normal cell cycle progression. Previously, disrupted cell cycle progression had 398 been described upon KMT2D loss in cardiac precursor and B cell precursor models 6,8 . However, these 399 studies observed an increase in cells in G1/G0, and S phases with a concurrent decrease in G2/M 400 compared to wildtype cells, while our findings in NPC models suggest overrepresentation of G2/M in KS1 401 versus controls. Collectively, these data suggest that disruption of normal progression through the cell 402 cycle may be a unifying feature in KS1, given that characteristic phenotypes include congenital heart 403 disease, immune dysregulation, and intellectual disability 11 . These affected tissues differ in embryonic 404 origin, suggesting that genes important to KS1 phenotypes support basic cellular homeostatic functions 405 regarding housekeeping, energy production, or cell cycle progression, rather than genes with purely 406 tissue-specific function. Notably, Singh and colleagues 35 
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We describe concordance of two additional cellular phenotypes in KMT2D-deficient NPCs: 420 proliferation defects and transcriptional states indicating suppression of central carbon metabolism and 421 oxygen sensing. We observe these phenotypes both and in vivo and in vitro, generating human and 422 mouse cellular KS1 models of neural disruption which may be useful for future screening of potential 423 therapies and testing mechanistic hypotheses, and further highlighting the utility of human-derived 424 models of neurodevelopment 37 . We find these phenotypes to be cell-autonomous in KMT2D-deficient 425 cells, suggesting that gene expression studies in these cells could yield disease-relevant KMT2D target 426 genes and pathways. Furthermore, these models demonstrate comparable cellular and transcriptional 427 phenotypes that result both from haploinsufficiency of KMT2D (patient iPSCs, NPCs), and variants that 428 more specifically target the region encoding Kmt2d's methyltransferase domain (HT22 hippocampal cells, 429 Kmt2d +/βgeo mice), indicating that loss, in either dosage or catalytic function, of KMT2D is pathogenic 430 independent of mutation type.
431
Our findings suggest that adult neurogenesis defects, which we previously described in 
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A subset of clones appearing heterozygous by PCR (upper and lower DNA bands of expected size) were 519 found to bear strand invasion in the upper band ( Supplementary Fig. 2.g) and were removed from 520 analyses ( Fig. 2a-d) . One such line, mutant Clone 1, was thus grouped with homozygous clones 2 and 521 3 for analysis, as both alleles were targeted in these three clones. Subsequent functional assays were 522 performed using Sanger-verified heterozygous and homozygous lines. Cells were tested negative for 523 mycoplasma contamination.
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RNA-seq in HT22 cells: library preparation
526
Cells were plated at equal density and sampled at 60% confluency. Total RNA was isolated from three Sequencing reads were pseudoaligned to the mouse reference transcriptome (GRCm38) and transcript 538 abundances were subsequently quantified using Salmon 42 . We then used the tximport R package 43 to 539 convert the transcript abundances into normalized gene-level counts, by setting the 540 "countsFromAbundance" parameter equal to "lengthScaledTPM". Next, we used the edgeR 44 and 541 limma 45 R packages to log2 transform these gene-level counts, estimate the mean-variance relationship, 542 and calculate weights for each observation. In order to account for the correlation between technical 543 replicates of the same clone when performing the differential analysis, we fit a mixed linear model, using 544 the function "duplicateCorrelation" from the statmod R package 46 to block on clone. The differential 545 analysis was then performed using the limma R package. Differentially expressed genes were called with 546 0.05 as the cutoff for the False Discovery Rate. When performing the principal component analysis, 547 transcript abundances were first converted into gene-level counts using the tximport R package, with the 548 "countsFromAbundance" parameter equal to "no". Then, we applied a variance stabilizing transformation 549 to these gene-level counts using the "vst" function from the DESeq2 R package 47 with the parameter 550 "blind" set to "TRUE", and subsequently estimated the principal components using the 1000 most variable 
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HT22 cells were cultured on glass coverslips and stained and imaged as above using Zeiss LSM780. Fig. 1m 
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Asterisks indicate significance from control mean, student's t-test (*p<0.05, **p<0.01, ***p<0.001). 
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